1. Near-infrared (IR) spectroscopy is based on the relative transparency of skin, skull and brain to the light in the near-IR region (700-1100 nm) and on the oxygen-dependent tissue absorption changes of haemoglobin.
INTRODUCTION
Transcranial Doppler sonography (TCD) is widely used to monitor the cerebrovascular reactivity by insonate the middle cerebral artery due to temporal hyperostosis [4] .
Recently, near-infrared spectroscopy (NIRS) has been used to assess cerebrovascular reactivity in adults [5] [6] [7] [8] [9] [10] . Relative changes in cortical oxyhaemoglobin (HbO # ) and deoxyhaemoglobin (Hb) were found to be very sensitive to alterations in end-tidal CO # (Et-CO # ) values. Thus, NIRS might be used to test cerebrovascular reactivity, and it might be an alternative to TCD in those subjects with absent temporal window [10] .
So far, scarce data regarding reproducibility [10] , and effect of age [7, 9] and venous return [8] on the NIRS CO # test are available. Therefore, we evaluated those factors that might eventually affect the reliability and the applicability of NIRS to test CO # cerebrovascular reactivity.
MATERIALS AND METHODS

Subjects
Thirty-five healthy volunteers were recruited for the study. A complete extracranial and transcranial Doppler examination was performed in order to exclude subjects with asymptomatic cerebral arterial lesions. One subject with insufficient Doppler signals of both middle cerebral arteries at transtemporal scanning was excluded. Thus, 34 subjects (15 men and 19 women ; mean age 29.9 years, S.D. 10 .2) with adequate transcranial insonation were enrolled in the study.
The study was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association. The study protocol was approved by the Ethics Committee of the University of L'Aquila. Informed consent was obtained from each subject after a full explanation of the nature of the procedure to be used and the non-invasiveness of the study. In two subjects (14 and 15 years old), consent was obtained from their parents.
Instruments
The NIRS technique is based on the relative transparency of skin, skull and brain to the light in the near-IR region (700-1100 nm) and on the oxygen-dependent tissue absorption changes of haemoglobin [11] . NIRS measurements were performed using an NIRO-500 spectrometer (Hamamatsu Photonics K. K., Hamamatsu City, Japan) [12] . The near-IR light was generated by four laser diodes and carried to the tissue via an optical fibre with an emitting area (optode) of 2.5 mm in diameter. The light emerging from the tissue was returned to the instrument through a second optical fibre and detected by a photomultiplier tube. The optodes were placed in the right frontal region with the receiving optode 2 cm from the midline and 2 cm above the supra-orbital ridge. The transmitting probe was placed 4.5 cm from the receiving optode along the hairline. The two optodes were firmly attached to the skin by a plastic support and an elastic bandage. The head was then wrapped with a black cloth to reduce background light. Monitored parameters in- Collected data were transferred on-line to a computer for further off-line analysis. Signals were sampled every 5 s. Quantification was obtained by combining attenuation measurements with a differential pathlength factor (DPF) which accounts for the scattering of light in the head [13] . DPF values were corrected for age as follows : [14] , where age was expressed in years and DPF )!( represented the DPF measured at 807 nm.
TCD was performed using a TC2-64B\TC2-Plus device (EME, U = berlingen, Germany) with a 2-MHz probe. The probe was positioned and fixed at the right temporal bone window, on the side of the optodes. Middle cerebral artery blood FV at a depth of 50-55 mm was continuously recorded and time mean flow velocity values were calculated by averaging 10 heart cycles. The Et-CO 
CO 2 reactivity protocols
In a quiet room, volunteers in a supine position were asked to breathe room air for at least 10 min through a face mask. When NIRS parameters, FV and Et-CO # values became stable, all subjects breathed a mixture of 5% CO # in air for 3 min until all the recorded parameters reached a new steady state. The gas mixture was delivered via a non-rebreathing mask with a 3-litre reservoir at a flow rate of 6-9 litres\min.
In 27 subjects (15 women and 12 men, mean age 30.3p10.6 years), the CO # reactivity measurements were repeated after 1 h to assess the within-observer reproducibility of NIRS and TCD. Optodes and the TCD probe were removed at the end of the first measurements and repositioned before performing the second set of measurements. To facilitate repositioning, the area of the optodes' location was marked. The same tension of the bandage was applied when the optodes were replaced.
In six subjects (four women and two men, mean age 31.2p2.6 years), the CO # reactivity was further evaluated by gradually increasing the CO # concentration (3 %, 5 % and 8 % in air) every 3 min. These subjects were Cerebrovascular reactivity by near-infrared spectroscopy Right panels show the responses obtained after 1 h and repositioning NIRS and TCD probes. An increase in FV and HbO 2 was found upon both challenges. a, start of hypercapnia ; b, end of hypercapnia.
randomly selected from those close in age to the mean age of the whole group.
The possible influence of cerebral venous return on the considered parameters was investigated at different body positions (supine, 35m Trendelenburg and 35m reverse Trendelenburg) in seven subjects (two women and five men, mean age 24.4p2.1 years).
Data analysis
The concentration changes in Hb derivatives were calculated by subtracting the temporal average of the last 90 s of hypercapnia from the 3 min baseline normalized to 90 s. The CO 
Statistical analysis
Statistical analyses were performed, by means of Pearson's correlation coefficient, to correlate changes in NIRS and TCD parameters with variations of Et-CO # , and to correlate NIRS and TCD results.
The within-observer variability in the assessment of reproducibility for both techniques was analysed by the intraclass correlation coefficient (r I ) [16] . This coefficient measures the agreement that occurs beyond the change and varies between k1 (complete disagreement) and j1 (perfect agreement). Agreement was considered excellent for r I values greater than 0.80, substantial in the range 0.61-0.80, good in the range 0.41-0.60, fair in the range 0.21-0.40, and poor for values lower than 0.20 [17] . The arithmetical difference between paired measurements was plotted against their average to examine whether the differences were reasonably constant throughout the range of measurements. If differences were normally distributed, 95 % of them would lie within a range of p2 S.D.s of the mean arithmetical difference [18] . This range will be reported as the limits of agreement. Multiple analysis of variance was used to evaluate a systematic bias between measurements. Linear regression analysis was used to determine the influence of sex and age on NIRS and TCD data. Analysis of variance was used to determine the influence of different body positions on NIRS and TCD data. Logarithmic transformation of data was used to achieve a normal distribution when needed.
The results were expressed as means (S.D.). The significance level was set at P 0.05. Data were analysed with SPSS software (SPSS, Chicago, IL, U.S.A.).
RESULTS
A typical time course of the parameters monitored during the repeated 5 % CO # test is shown in Figure 1 . Similar time courses for FV and HbO # were found in both $, 3% CO 2 in air ; >, 5% CO 2 in air ; , 8% CO 2 in air. $, 3% CO 2 in air ; >, 5% CO 2 in air ; , 8% CO 2 in air.
hypercapnia tests. HR and SaO # showed inconsistent changes during both tests.
Changes in NIRS parameters and FV were significantly (Figure 2A ). At the three CO # concentrations tested, the correlation was higher, but not statistically significant, for 5 % CO # . We found a significant correlation between the reactivity indexes of NIRS parameters and the FV reactivity index. The correlation coefficient values (r) were 0.55 for HbO # (P 0.001), k0.44 for Hb (P 0.01) and 0.51 for Hb tot (P 0.001). Table 1 shows the within-observer reproducibility of NIRS and TCD parameters. A substantial agreement was found for HbO # (r I l 0.68), Hb (r I l 0.76), Hb diff (r I l 0.77) and FV (r I l 0.60), while the agreement was fair for Hb tot (r I l 0.21). The within-observer difference plotted against the average of the two measurements is shown in Figure 4 . The variability was constant enough throughout the whole range of values ; however, the greatest variability was found at the lowest values for Hb and at the highest values for FV.
Reactivity indexes and physiological parameters at the different body positions are shown in Table 2 . No significant differences of NIRS and TCD reactivity indexes were found between the three body positions (P 0.05).
No significant influence of sex on the NIRS and TCD reactivity indexes was found (P 0.05). However, the reactivity index of HbO # significantly decreased (P 0.05), and that of Hb significantly increased (P 0.01), with age ( Figure 5 ). The FV and Hb tot reactivity indexes did not significantly change with age (P 0.05).
DISCUSSION
NIRS has been shown to be a useful non-invasive technique for monitoring cerebral oxygenation and haemodynamics in newborns [19, 20] and adults [21] [22] [23] [24] [25] . Recently, NIRS has also been used to investigate cerebrovascular reactivity in healthy volunteers and patients with carotid diseases [7] [8] [9] [10] .
In this study we considered some factors that could limit the use of the NIRS CO # reactivity test in clinical practice. Our results indicate that the cerebrovascular reactivity to 5 % CO # , measured by NIRS, is reliable, reproducible and independent of changes of the head position.
A consistent increase in HbO # and a decrease in Hb to hypercapnia were found, confirming previous data [7, 10] . In addition, we reported a linear correlation between changes in NIRS parameters and different levels of hypercapnia. The highest, although not statistically significant, correlation at 5 % CO # suggests that this concentration might be adequate to test cerebrovascular reactivity. Our findings are in agreement with the experimental data showing that moderate hypercapnia determines a maximal vasodilatation [26] , and with FV reactivity findings in humans [1] .
TCD provides an accurate index of CO # reactivity [1, 15, 27] . Changes in HbO # , Hb and Hb tot were significantly correlated with changes in FV. These results indicate that changes in NIRS parameters, induced by CO # , reflect variations of the resistive vessels ; therefore these parameters could be considered as an index of cerebrovascular reactivity.
Cerebrovascular reactivity measurements might provide important prognostic information on patients with cerebrovascular or carotid artery disease [28] [29] [30] [31] [32] [33] . Thus, use of NIRS CO # reactivity test in the follow-up of these patients requires accurate information regarding its reproducibility.
We investigated the effect of repositioning the optodes before the hypercapnia was repeated. We found a high reproducibility for both the NIRS and TCD parameters, except for Hb tot . Our results on TCD reproducibility are in agreement with those reported by previous studies [1, 2, 34] . No studies were previously performed to test the reproducibility of NIRS measurements in healthy volunteers. Recently, the variability of the NIRS CO # reactivity test was evaluated in only a small group of patients with carotid artery disease [10] ; reproducibility of NIRS and TCD parameters was higher than in our study. This discrepancy might be due to the lower CO # reactivity values measured in patients with carotid artery stenosis compared with healthy volunteers [1, 28, 35] . We excluded a systematic bias between measurements ; thus the observed variability is attributable to the physiological individual responses.
Since NIRS measures changes in HbO (Table 2 ). According to our findings, cerebrovascular reactivity measurements may be performed without taking into account changes of head position.
We reported a significant decrease in the HbO # and Hb diff reactivity indexes as well as a significant increase in the Hb reactivity index with age. FV and Hb tot did not show any significant trend as a function of age. An uneven age distribution of subjects in our study (70 % were in the range 20-40 years, and 6 % over 50 years) might explain the lack of correlation between the FV reactivity index and age. Similar results were found in subjects with the same age range [7] . Structural changes and loss of elasticity of cerebral vessels with age could reduce the CO # responsiveness during hypercapnia [9, 25] .
NIRS has limited topographical resolution and mainly explores the grey matter [5, 23] . The contamination of the extracranial circulation was carefully investigated [7, 10, [36] [37] [38] . The relative contribution of the extracranial tissues decreased as the interoptode distance increased ; for an interoptode distance greater than 4.5 cm, the extracranial contribution was negligible [7, 35] . The contribution of the scalp might be minimized by applying moderate pressure on the optodes [36] . In addition, hypercapnia causes a vasodilatation limited to the resistive vessels of the brain, without significant changes in skin [7, 10] and skull [39] blood flow. Therefore, the extracranial contamination should not affect our results.
In conclusion, NIRS is a reliable and reproducible method for the evaluation of cerebrovascular reactivity. Our results encourage its further consideration, after appropriate validation, in the assessment of patients with cerebrovascular disease. 
